Abstract-One of the major limitations for Atomic Force Microscopy (AFM)-based nanomanipulation is that AFM only has one sharp tip as the end-effector, and can only apply a point force to the nanoobject, which makes it extremely difficult to achieve a stable manipulation. For example, the AFM tip tends to slip-away during nanoparticle manipulation due to its small touch area, and there is no available strategy to manipulate a nanorod in a constant posture with a single tip since the applied point force can make the nanorod rotate more easily. In this paper, a robotic nano-hand method is proposed to solve these problems. The basic idea is using a single tip to mimic the manipulation effect that multi-AFM tip can achieve through the planned high speed sequential tip pushing. The theoretical behavior models of nanoparticle and nanorod are developed, based on which the moving speed and trajectory of the AFM tip are planned artfully to form a nano-hand. In this way, the slip-away problem during nanoparticle manipulation can be get rid of efficiently, and a posture constant manipulation for nanorod can be achieved. The simulation and experimental results demonstrate the effectiveness and advantages of the proposed method.
I. INTRODUCTION
T HE ULTIMATE goal of nanotechnology is to fabricate a novel system and device with unprecedented properties that traditional methods cannot achieve. One of the prerequisites to realize this goal is the capability of manipulating objects at nanoscale with a high precision and resolution. To satisfy this critical requirement, several methods have been developed recently, such as manipulationwith scanning electron microscope (SEM) [1] , optical tweezer [2] , dielectrophoresis (DEP) [3] , and atomic force microscopy (AFM) [4] . Compared with all these methods, SEM-based manipulation commonly needs an ultrahigh vacuum condition, which is inconvenient and high cost. Optical tweezers is difficult to achieve direct manipulation of single nanoobject due to its low resolution. DEP is more suitable for batch operations and lacks the ability of controlling precise motion. AFM, taking advantage of its high resolution, high precision, and low requirements to the environment, is considered as one of the most promising method for manipulation at nanoscale. The pioneer work of AFM-based nanomanipulation can be traced back to 1994. Luchi et al. [5] initially investigated the sled-type motion at nanoscale through pushing on NaCL surface. After that, researchers worldwide pushed the AFM-based nanomanipulation into a big boom for different research purposes [6] - [8] . However, since AFM was initially invented for imaging, there were many challenging problems using it for nanomanipulation in that time, ranging from thermal drift control to real-time feedback. Although these problems have been solved to a certain extent through more than a decade study [9] - [11] , the problem caused by single tip interaction is still hindering its efficiency and effectiveness.
Most commercial AFM in use today only has one sharp tip as the end-effector, and can only apply a point force to the nanoobject during manipulation. This limitation makes it extremely dif-1545-5955/$31.00 © 2012 IEEE ficult to achieve stable manipulation. Nanoparticle (NP) manipulation with AFM is such an example. The unstable manipulation makes the particle easily lose touch with the AFM tip. This phenomenon is mainly caused by two reasons. The first one is due to the extreme sharpness of AFM tip. The diameter of AFM tip integrated on a tiny cantilever is often less than tens of nanometers. The touching area between the AFM tip and the NP is so small that the tip easily slip over or slip away to the nanoobject. The second reason is that an extra displacement along the direction perpendicular to the pushing direction will be generated if the tip does not exactly push on the central point of the NP [12] . This extra displacement keeps increasing with the pushing distance, and finally leads the tip to lose touch with the particle. Both of the reasons will result in a failed nanomanipulation. Literature survey shows that only few papers discussed this issue. In [13] , an active probe control method was proposed to prevent the tip from slipping over the object. By actively controlling the rigidity of the cantilever, the cantilever becomes rigid during manipulation, which can prevent the tip slipping away from the object to a certain extent, but the extra displacement perpendicular to the pushing direction still can not be get rid of and, finally, leads to a failed nanomanipulation. A local scan method was proposed in [14] to relocate the missed particle in real time, but it is only a remedial method. If the nanoobject is lost quite often, the time consumed by local scan may be a new bottleneck for high efficiency manipulation. Recently, Qian and his colleagues proposed a successive directional push method for nanoparticles manipullation [15] , but the large uncertainties existing in the nanomanipulation make it difficult to act on the center point. The particle is still often lost during manipulation, which decreases the efficiency and effectiveness of AFM-based nanomanipulation.
As another concerned one-dimensional nanomaterial, nanowire, and nanorod are often adopted as manipulation objects to form some nanostructure and nanodevices. Since the properties of nanorod/nanowire has a close relation to its geometry configuration, it is necessary to manipulate the object with a constant posture. But with single AFM tip as end-effector, it is more easily to rotate or deform the nanorod or nanowire. Moreover, if the nanowire is very soft, the sharp tip may cut it instead of pushing it away due to the cutting effect of the sharp tip.
The goal of our research is thus to develop a manipulation system that can realize stable and posture-constant push in handling NPs/nanorod to form patterns or nanostructures. The key idea is using a single tip to mimic the manipulation effect that multi AFM tip can achieve through the planned high-speed movement of the tip. The theoretical behavior models of NP and nanorod are developed. Using these models, the moving speed and trajectory of the AFM tip are planned artfully to form the nano-hand. In this way, the slip-away problem during NP manipulation can be got rid of efficiently, and a posture constant manipulation for nanorod can also be achieved. The simulation and experimental results demonstrate the effectiveness and advantages of the proposed method
The remainder of this paper is organized as follows. Section II gives a general introduction to the basic concept of the nano- hand strategy. Section III details the kinematics model of NP and nanorod. Section IV presents the experimental implementation and manipulation results. Conclusions are drawn the last part of this paper.
II. NANO-HAND STRATEGY FOR MANIPULATION
Typical manipulation of NP is called target oriented pushing (TOP) where the AFM tip is moved from the determined particle center toward the target position [16] . But some uncertainties exist in the process of nanomanipulation. These uncertainties include the uncertain initial position of the NP caused by imaging procedure and image resolution limitation, the uncertain position of the AFM tip due to thermal drift, creep and hysteresis and so on. All of the uncertainties make it difficult for the tip to strike directly in the NP center. In NP manipulation, similar to pushing a ball in macro world, the NP will rotate round a center point and deviate from the motion direction if the end-effector is not exactly pushing along the centerline of the particle. This phenomenon is more obvious when performing manipulation at nanoscale than in the macro world since the existing uncertainties are relatively large compared with the size of nanoobjects. In the process of the traditionally TOP manipulation, the user has to scan images and plan the tip paths which are always toward to the target position again and again, as shown in Fig. 1 . Therefore, manipulation of NPs over long distance is time-consuming and inefficient.
In order to obtain nanoassembly and nanomanipulation with high efficiency, the concepts of object closure [17] and conditional closure in multirobot object transportation are adopted to solve the problems above discussed. Fig. 2 . The stable pushing of the particle using virtual nano-hand strategy. Fig. 3 . The stable and constant posture pushing of nanorod using virtual nanohand strategy.
The proposed algorithm defines an error upper limit of the NP center position. The real-time position error must be within the error boundary line and decrease toward the target. The algorithm is called virtual nano-hand strategy (VNHS), as shown in Fig. 1 . This strategy is implemented by moving the AFM tip to a set of predefined positions to generate a short pushing action to the target object from those positions in a relatively high frequency. It can mimic multifingered hand and achieve the effect of multitip manipulation for stable pushing only with a single AFM tip. Fig. 2 shows the mechanism of nano-hand strategy for particle manipulation. The positions of the pushing points are predefined, and then the tip pushes the particle at each position with a small step quickly and sequentially. By repeating this kind of multiple pushing on two sides of the particle center in proper length of pushing step, the particle can be well controlled within the certain ranges with the nano-hand, and then a stable manipulation can be achieved. In the manipulation process, the pushing points and the pushing step can be changed to decrease the error distribution of the NP center.
The inevitable uncertainties also make it difficult to control the manipulation results of the nanorod. The nano-hand strategy can also be applied to realize a stable and constant posture manipulation. At first, the pushing points can be predefined close to the rod center in order to get the larger forward distance. And then the points are moved to the rod end at a proper position in order to adjust the rod posture, as shown in Fig. 3 .
III. MODELING AND SCHEDULING

A. Basic Theory Analysis
Since the above-mentioned pushing strategy includes several pushing steps along different trajectory, the first step is to define the pushing points, it is necessary to develop the kinematics and statics model of the nanobjects. Various models have been developed for AFM-based pushing manipulation [18] - [21] . But these models are too complicated with overmuch uncalibrated parameters to be used during practical implementation. Here we developed relatively simple kinematics models of the nanoparticle and the nanorod, respectively, for scheduling the nanohand strategy.
In the nanoscale, the mass of the object is comparatively small, and can be generally ignored. Certain empirical rules of friction still hold in the nanoscale such as static friction is larger than kinetic friction, but friction is no longer proportional to the normal load [11] . In atmosphere condition, all of objects are covered by water film, the one existing between the nanoobject and the substrate will affect the movement of the nanoobject. Experimental results demonstrate that the velocities of nanoobject strongly depend on the applied force by AFM probe [12] , [22] . Viscous friction which is a function of velocity must be considered in modeling motion of nanoobjects. Fig. 4 (a) shows that a NP is pushed by the AFM tip. The contact plane between the particle and the substrate is a circle with radius R that can be calculated by using Johnson-Kendall-Roberts (JKR) model [20] . The pushing plane is parallel to the contact plane, and then the particle can be simplified as a disc from top view. Here, we make several reasonable assumptions: the substrate is flat enough, the tip contacts the particle all the time during manipulation, and the pushing velocity is constant. When a constant force is applied to a nanoparticle, the NP starts to rotate around an instantaneous rotation center, which means the movement of the particle can be regarded as an uniform circular motion with angler velocity , as shown in Fig. 4(a) . Fig. 4 (b) shows the top view of the behavior model of a nanorod. As mentioned in [23] , a rod with a suitable aspect ratio could be considered as rigid and its rotational behavior can be modeled precisely. The instant rotation center of a nanorod during manipulation should be on the axis of the rod. Furthermore, the rod can be simplified as a rigid line and its motion can be modeled in a similar way as nanoparticle manipulation.
Considering the effect of pushing speed on the friction between the nanoobject and the flat substrate, the distributed friction force of small element on object's support area consists of two components, coulomb friction, and viscous friction
where is the dynamic coulomb friction force at a small element (a constant), is the coefficient of dynamic friction, and is the pressure of the element on the normal direction of the substrate.
is the viscous friction force, is the viscous friction coefficient, and is the velocity of the element, is length from contacting point of the AFM tip to the instant center of rotation of the nanoobject, is the angular velocity of the object pushed, which is the function of both the velocity at pushing point and the position of the instant center of rotation. The parameters and can be calibrated by fitting the relationship line between the pushing velocity and the pushing force.
It should be emphasized that this coulomb-viscous friction model (1) is an equivalent model which represents all interaction forces applied on the nanoobject during the manipulation, including mechanical tribo-resistance forces (friction and viscous forces), chemical or surface effects in nanoscale contacts and other resistance forces, as a resultant force consisted of zero and first-order components of velocity. The higher order effects are ignored in this paper. It is known that the effects of resistances vary with different environment and different size of the nanoobjects. For example, Resch group's research results [24] indicate that less resistance to 20 nm particles moving in liquid environment in high velocity. This can be represented with a minus viscous friction coefficient in the coulomb-viscous friction model. On the other hand, especially for relatively larger particle in dry environments, the resistance applied to the nanoobject leads deflection of the cantilever which makes part of pushing force applied on the object in vertical direction from the AFM tip, as one source of the friction. This will become larger when the pushing speed is higher in positive viscous environments, and will enhance represented viscous effect in measuring the friction characteristics in nanoscale contact. Therefore, it is necessary to have proper calibration of equivalent coulomb viscous coefficients for applying (1).
B. Kinematics Model and Manipulation Strategy of Nanoparticle
The model of nanoparticle pushing can be derived by integrating friction resistance on all elements of the support area. The contact area is represented by a series of straight lines passing through the instant center of rotation, as shown in Fig. 5 . The friction and the torque exerted on the line element are derived by the following equations:
where donates the distance from the center of the straight line to the instant center of rotation, and is the length of the straight line (6) (7) where is the distance from the center of the contact area to the instant center of rotation , is the radius of the contact area, is the angle between axis and the straight line, and its range is . Because the straight line elements are symmetrical with respect to the coordinate axis, the friction force and the friction torque exerting on the NP can be obtained
For the NP, the forces and the torques are both balanced, so we can get following expressions: (10) (11) where is the component of pushing force and is the torque of it. In order to facilitate analyzing and solving problems, the coordinate is transformed as shown in Fig. 6 , where is the angle of the transformation and can be determined from the equation below (12) where is the angle between the pushing point and the center.
is the radius of the pushing plane. According to the balance relationship between the force and the torque , the equation can be obtained (13) where is the distance from the pushing point to the pivot and , so the angle velocity can be calculated according to the expression . From (8) to (13), we can get the following equation: (14) Fig. 6 . The relation between velocity of AFM tip and velocity of particle pushed. Fig. 7 . The distribution of the particle center is calculated in the thirty images.
According to the characteristic of rigid body motion, we can get the following constraint condition: (15) which means if we calculate the distance according to (14) , the corresponding NP center velocity will be calculated and its moving trajectory can be subsequently integrated according to the tip velocity . As we know, the uncertainties caused by dermal drift, creep, hysteresis and others limit the manipulation precision. These summed uncertainties cannot be omitted, so we propose a method which can reduce the distribution range of the uncertainties. Based on the established kinematics model the trajectory of the NP can be traced, therefore, we can define the pushing points and the pushing step to realize stable and efficient manipulation. In this paper, we only discuss the uncertainty of the nanoobject's initial position and other uncertainties will be considered in our future work.
The uncertainty of the nanoobject's initial position includes the effect of thermal drift, imaging procedure, and image resolution limitation. Its distribution is counted by collecting the same NP centers repeatedly through scanning image many times, as shown in Fig. 7 .
First, multiple images are performed on the same region of interest. Second, the differences among the high reference point in the multiple images are compensated according to the top height of the NP . The top height is the mean of the neighborhood points around the top point. Third, the position of the NP relative to the position of the NP is counted and considered to obey a Gaussian distribution with deviation . In the simulation, Monte Carlo method is used to describe the uncertain position distribution. In Fig. 8 , the circle denotes the expected position of the NP, the expected center position (0 nm, 0 nm), and every red point is a possible center position sample, the sample number is 2000. If an AFM tip is planned to push the NP, the pushing action will act on all possible positions and get the same number of results respectively, thus the manipulated distribution will be obtained. By this means, we can evaluate the performance of the planned pushing strategies. Fig. 8 is the performance results of the traditional pushing through particle center strategy where the radius of the particle is 100 nm. The start point of the first step is ( 220 nm, 0 nm) with the end point ( 100 nm, 0 nm), then the pushing path length is 120 nm. The circle is the expected pushed position of the NP whose initial position is (0 nm, 0 nm). From the figure, we can see that the manipulated results do not fellow a Gaussian distribution anymore, because every initial center sample will be changed once the AFM tip arrived during pushing process. The left part of the initial samples are first moved and accumulated into an arc around the tip's end position. The right parts of samples keep their original place, for the tip has not touched them yet. Fig. 8(b) shows the results after the second pushing, where the tip start point is ( 190 nm, 0 nm), and the end point is ( 70 nm, 0 nm), the NP center sample distribution becomes a complete arc. With the AFM tip going ahead, the center sample distribution becomes sparse, as shown in Fig. 8(c) and (d) . From the results, we can conclude that the traditional pushing through particle center strategy may still make the manipulated results uncertain and the distribution tends to be divided into two parts, each of them becomes larger with time, which causes the manipulation unstable.
The NP moves downward if the first pushing path is biased in vertical direction relative to its moving direction instead of pointing to the center. Similarly, the NP moves upward if the second tip pushing trajectory is planned in the opposite direction. When the alternating pushing forces along the paths on the Fig. 9 . The simulation of pushing using nano-hand strategy.
particle are applied, the new simulation results will be different, as shown in Fig. 9 .
In Fig. 9(a) , the result of the first pushing, some center samples near the AFM tip converge to the expected NP center as is similar to the above method. However, the difference is that the tip pushing path is along the edge of the center distribution area, that is to say, all the center samples can be confirmed on one side of the AFM tip although its distribution is still uncertain. The next step pushing can be planned to point to the other edge of the center distribution area, thus all of new pushed center samples will be on the opposite side of the AFM tip, as shown in Fig. 9(b) . In Fig. 9(b) , the distribution comes into an arc as usual, but the length of the arc is bounded by the two tip moving path. Fig. 9(c) shows the finial center sample distribution after six pushing steps and the sample particles are still bounded between two parallel pushing paths.
If the distribution is not sparse after a series of this left-right alternative zigzag pushing, the robotic nano-hand is formed and the stable pushing task will be implemented. In order to bound the sample distribution area, the parameter which donates the distance between the NP center and the AFM tip moving line must be defined strictly. The sampling process with Monte Carlo method abides by 3 sigma rule, which means the samples bound a distribution area with a probability of more than 0.973. The parameter d in the pushing path planning should be set larger than to bound the center distribution area. But the parameter d has an upper limit which can guarantee the tip can still contact the particle after the manipulation of pushing step. If the parameter complies with the equation , the virtual nano-hand can control the NP in the caging and stable pushing is realized. As the width of the zigzag pushing path is wider, the distribution area of NP center samples is smaller, and a higher accuracy can be obtained. We can also adjust the parameter d according to the decreasing distribution to improve the manipulation efficiency.
C. Kinematics Model and Manipulation Strategy of Nanorod
The rod with aspect ratio is rigid and when it is pushed by AFM tip, the rotation behavior can be observed [23] . It is reasonable to assume that the rotation is uniform circular motion. The instant center may be at inside or outside the rod which is decided by the pushing position of the rod. We assume that the rod is pushed in perpendicular to the rod and there is not motion on the direction of the rod. Fig. 10 shows the model that the instantaneous center of rotation is inside the rod when the pushing point is relatively far from the center of the nanorod.
denotes the length of the rod, denotes the distance between the pushing point and the reference end denotes the distance between the instantaneous center of rotation and the reference end, and is the pushing force from the tip.
All the torques around are self-balanced during smooth movement, so we can get following expression: (16) In this case, the angular velocity of rotation is expressed as following equation: (17) then, (16) can be expressed (18) When the pushing point is near the center of the nanorod, the instantaneous center of rotation maybe is outside the rod Fig. 11 . The static model with the instantaneous center of rotation the rod when the contacting point is near the center of the rod. (Fig. 11) . The angular velocity of the rod is with the following relation to pushing velocity: (19) The static equation of torques self-balanced can be written as (20) There must be an which can minimize , in which the rod begins to rotate once the pushing force reaches this minimum force . Therefore, the static point can be determined by following equation with (18) and (20): (21) It is known that the contact between nanorod and substrate is not uniform in general due to condition of various uncertainties on the substrate and the nanorod. This will lead the distribution of friction force on the nanorod not strictly following (18) or (20) . As the result, the obtained will include error, which means that the position of is not accurate due to the uncertainty of contact situation. However, will be still on the axis of nanorod even with this inaccuracy. We can represent the as the position distribution around the obtained from the kinematic motion model. It is interesting that effect position distribution of is similar with the effect of position distribution of AFM tip: leading an error distribution on . Here, we do not explicitly discuss the uncertainty of nanorod contact because tip position uncertain model will be applied to the numerical calculation, and nano-hand strategy will be used for making the nanomanipulation be insensitive to these errors.
When the instant center of rotation at each moment is derived, motion of the nanorod can be obtained numerically, while initial conditions are given. Then, under a certain pushing velocity and a certain pushing angle, the instantaneous center of the nanorod can be calculated and the pushing points can be determined based on that result to form the virtual nano-hand.
Due to the uncertainty of the nanorod initial position, the Monte Carlo method is also used to describe the uncertain position distribution. The virtual nano-hand is formed by defining the pushing points and alternative zigzag pushing. In order to realize stable manipulation, the pushing points must be defined carefully. We divide the pushing points into three ranges, as shown in Fig. 12 . In order to ensure that the tip can push every rod during manipulation, the top pushing points must be out of the range
. If the point is in this range, some of rods will be continuously downward rotate and finally lost contact with the tip. In range , the pushing point is closed to the rod end B and the distance between them is less than , in this case, the tip cannot touch some rods. Thus, the pushing points should be defined in range . In the simulation, the length of the rod is , the pushing velocity is and the pushing steplength is 50 nm. The step-length may be small, but the high speed motion characteristics of the AFM tip can compensate for this. According to the statistics result of the experiments, the rod position error obeys to a Gaussian distribution with the deviation in and coordinate. The point in range which is 2.8 far away from the center of the normal distribution in coordinate is defined as the pushing point. The simulation results are shown in Fig. 13 , In Fig. 13, (a) is the initial distribution of the center; (b) is the result after the second pushing; (c) is the result after manipulating eight times; and (d) is the result after pushing fifteen times, the upper right insets are partial enlargement figures of the error distribution. In Fig. 13(c) , some sample points begin to lag at the back of the rod and it is very clear in (d). It means that the AFM tip fails to push these rods. In this situation, the pushing points must be adjusted for stable manipulation.
The simulation results are shown in Fig. 14 , where the pushing points are in range and 1.5 far away from the center of the normal distribution in coordinate. In Fig. 14,  (a) is the initial distribution of the center; (b) is the result after three manipulations; (c) is the result after the six manipulations; and (d) is the result after pushing fifteen times. The upper right insets are partial enlargement figures of the error distribution. The insets of lower left corner can reflect the changes of the rod rotation angle during the manipulation, the and coordinates of these angle change insets are the angle of the rod and the number of sample points, respectively. It is assumed that the initial angle of the rod obeys to the normal distribution with . From the simulation results, we can conclude that the pushing points in range can make the sample points converge in both position error and the angle error, and can decrease the probability distribution of the rod position error. In addition, the stable nanomanipulation of the rod can be realized.
IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS
A. System Configuration
The experimental rig setup is shown in Fig. 15 . The whole rig mainly contains a haptic device, a Signal Access Module (SAM), a Multifunction Data Acquisition (DAQ) cards, three computers, and Veeco Dimension 3100. There are three subsystems operated under three independent computers: the AFM system, the augmented reality environment, and the real-time controller. The AFM system includes Veeco Dimension 3100, AFM controller, SAM, and the main computer. The SAM provides interfaces among the hybrid head, AFM controller, and other devices, through which most real-time signals inside the AFM system can be accessed and the nanomanipulation program can be performed to control the hybrid head of the AFM. It is also connected to the main computer, which is responsible for providing an interface for the AFM imaging. The augmented reality environment consists of a haptic device and a nanomanipulation program running in a Windows PC and the program provides an interactive for users.
During manipulation, the operator uses the haptic device to input the tip position command and feel the real-time interaction force between the tip and the nanoobjects. The whole system works in the following way during nanomanipulation. The AFM system scans the sample and finds the interested region, finally sends the image to the augmented reality environment. Based on the nano-hand strategy mentioned above, the pushing points, pushing plans and other pushing parameters are defined, so a nanomanipulation program is generated in the Windows PC and is sent to SAM through DAQ card. Then, the manipulation order is transformed to voltage signal and is directly output to the AFM controller to finish the manipulation. One thing needs to be pointed out is that the whole process of generating a nano-hand is transparent to the operators. During manipulation, a virtual tool on behalf of nano-hand is displayed in the user interface directly. The user is more likely to do manipulation with a true nano-hand instead of a single AFM tip.
B. Manipulation Experiments of Nanoparticle and Nanorod
Several experimental tests of manipulating nanoparticles and nanorods were carried out to verify the effectiveness and efficiency of the robotic nano-hand.
In the first experiment, colloidal solution of the latex particles of diameter 200 nm diluted in purified water was used for sample preparation. A droplet of colloidal solution was placed onto the surface of polycarbonate which was dried with nitrogen dioxide gas and left in clean air for 24 hours. The AFM tapping mode was used in scanning and the image of the region of interest was acquired. In order to generate the nano-hand, the pushing parameters must be defined. According to the pushing algorithm elaborated in Section III, considering the uncertainty of the nanoobject initial position and the requirement of stable manipulation, we set the parameter , and planned the pushing paths and program the manipulation procedure. The manipulation process is briefly described below.
Step 1) Identify the nanoparticle center.
Step 2) Move the AFM tip to the initial position where the vertical distance with the center is 60 nm and the horizontal one is 100 nm, and then push the particle forward 150 nm.
Step 3) Move the tip backward 120 nm and downward 120 nm to locate the second pushing position. The tip must move back to avoid contact with the particle in the process of downward moving. In addition to the first pushing step, the others are the constant 36 nm. The set of pushing step must be considered within the upper limit of error.
Step 4) Verify if the particle has reached the target. Otherwise, go to Step 3. Three experimental results of NP pushing using proposed strategy are shown in Fig. 16 . The horizontal displacements of the three results are all less than 1 pixel, which is less than 19 nm. The vertical displacement of the three results is 507, 760, and 916 nm, respectively. The results show that the strategy of nano-hand is efficient and can realize the stable manipulation, especially for manipulation of NP over long distances. Fig. 17 shows several patterns formed with the nano-hand strategy. During the whole process, no particle lost phenomenon happens, all the experimental results are finished in a very smooth way without image scan in between, which in turn proved the efficiency and effectiveness of the proposed nano-hand strategy. Fig. 18 shows the manipulation results of a ZnO nanorod with diameter 750 nm and length 7.6 . Since the rod is in such a huge length compared with the diameter of the AFM tip, in traditional methods, it is impossible to achieve a posture-constant pushing. While with the developed robotic nano-hand strategy, the rod can be manipulated with the posture constrained in . Compared with the manipulation of nanorod in [10] , the nano-hand strategy can realize stable and posture-constant manipulation through control procedure and the efficiency is improved.
V. CONCLUSION
Almost all the existing AFM only has one single tip as the end-effector, thus during nanomanipulation, the interaction force between the object and the tip can only be applied through a single point, which often leads the AFM tip to slip over or slip away from the object, and resulted in a failed manipulation. In addition, with single AFM tip, there is no existing way to realize a posture constant manipulation for nanorod or nanowire. This paper presents a nano-hand strategy for tip-based manipulation to solve above problems. In this approach, a set of positions are predefined based on the kinematics model of the object, then move the AFM tip to these positions and generate a short pushing action to the target object in relative high frequency to mimic multifingered hand with single AFM tip, through which a robotic caging at nanoscale is formed. In this way, the problems caused by a sharp single tip manipulation can be solved into a certain extent. The simulation and experimental results show a stable and controllable nanomanipulation can be obtained through the developed nano-hand strategy. The developed method further enhanced the ability of AFM-based nanomanipulation. Taking advantage of its stable manipulation character and high immunity to positioning errors, the proposed strategy also lays the foundation for fully automated manipulation, which in turn makes it possible to massively build complex nanostructures. 
Zhiyu Wang
